Abstract Lignin is the most abundant natural polymer composed by aromatic moieties. Its chemical composition and its abundance have focused efforts to unlock its potential as a source of aromatic compounds for many years. The lack of a proper way for lignin de-polymerization has hampered its success as a natural solution for commodity aromatic chemicals, which is also due to the lack of understanding of the underlying mechanisms of lignin polymerization. A fuller fundamental understanding of polymerization mechanisms could lead to improvements in de-polymerization strategies, and therefore a proper methodology and a predictive theoretical framework are required for such purpose. This work presents a complete computational study on some of the key steps of lignin polymerization mechanisms. Density functional theory (DFT) calculations have been performed to evaluate the most appropriate methodology and to compute the chemical structures and reaction enthalpies for the monolignol dimerization, the simplest key step that controls the polymerization. Quantum theory of atoms in molecules (QTAIM) has been applied to understand the coupling reaction mechanisms, for which the radical species and transition states (TSs) involved have been characterized. The coupling that leads to the formation of the β-O-4 linkage has been theoretically reproduced according to proposed mechanisms, for which weak interactions have been found to play a key role in the arrangement of reactants. The hydrogen bond formed between the oxygen of the phenoxy radical, and the alcohol of the aliphatic chain, together with the interaction between aromatic rings, locates the reactants in a position that favors such β-O-4 linkage.
Introduction
Lignin [1] is the second most abundant natural polymer after cellulose and the most abundant natural material composed by aromatic moieties [2] . Around 15-30 % of plant biomass is constituted by lignin [3] , which is naturally synthesized in the cell walls of plants to provide rigidity and structural strength [4] . It also confers resistance against degradation by chemicals, enzymes, or microbes, as well as recalcitrance to hydrolysis due to its cross-linking with cellulose [5] , which hinders the access of hydrolytic cellulases. Its chemical composition, its abundance, and its ubiquity have made lignin the focus of extensive research to unlock its potential as a source of aromatic compounds [1, and references therein]. However, a proper way for lignin depolymerization is still missing, partially due to a lack of understanding of the underlying mechanisms that control its polymerization. Unlocking lignin potential as source of aromatic compounds requires fundamental understanding of the polymerization mechanisms that lead to its formation, which would pave the way to reverse engineering of depolymerization processes. Such understanding includes the study of the radical-coupling reaction that involves the three different cinnamyl alcohols, i.e., monolignols, which compose lignin structure: p-coumaryl, coniferyl, and sinapyl alcohols (see Fig. 1 ).
In the widely-assumed polymerization mechanism, laccase, and peroxidase enzymes are involved in the initial dehydrogenation reaction of monolignols to produce freeradical species [6] [7] [8] . The free-radical delocalization in these species leads to resonant structures that give rise to various chemical linkages within the lignin structure. Figure 1 shows those positions allowed by resonance of the unpaired electron for a phenoxy radical, including standard atom numbering commonly adopted in monolignols. The linkages formed in lignin polymerization are then named after this standard atom numbering, and the most common among all possible connections are the so-called β-O-4, 5-5, β-5, β-β and α-linkages, as frequently described in the literature [9] . Their appearance occurs in different proportions, [10] with a noteworthy prevalence for the β-O-4 one, which is reported to have a relative abundance of 45-50 % for both softwood and hardwood lignin [11] . Other linkages have been reported to have an abundance of 18-25 % (5-5), 9-12 % (β-5), 6-8 % (α-linkages) and 3 % (β-β). In a second step that follows the generation of the radical species, lignin synthesis is assumed to happen by oxidative coupling of the corresponding monomers in their radical forms, which are incorporated to the growing polymer chain. These phenoxy radicals form part of the polymer as p-hydroxyphenyl (H), guayacil (G), and syringyl (S) units, which correspond to p-coumaryl, coniferyl, and sinapyl alcohols, respectively. The exact intermediates, transition states (TSs), and activation energies of this mechanism remain unknown.
The result of this polymerization is the well-known 3D polymer, for which experimental characterization is difficult to undertake due to the complexity of the randomly organized structure. Its low solubility hampers some chemical and physical characterization techniques, both qualitatively and quantitatively, while its difficult isolation from the polysaccharide matrix limits the amount of information available from some other experimental techniques such as NMR, Raman spectroscopy, and analytical pyrolysis. Nevertheless, the experimental studies available indicate that the molecular structure of lignin is rigid and complex, including hyper-branched domains of non-linear oligomers [12] that are organized in aggregates with a rigid core and a fluid-like surface [13] .
The lack of extensive experimental information requires the use of computational modeling and simulations to provide further insight into the structure and formation of lignin. Special attention deserves the formation of dimers, as it provides the most basic information about the polymerization mechanism. In the specific case of di-lignols, computational analyses have been mainly focused on the most common β-O-4 linkage, addressing intramolecular interactions, solvent H-bonding [14] [15] [16] [17] [18] and dissociation enthalpies [19] [20] [21] [22] [23] [24] [25] [26] . Regarding other linkages, there are only a few works describing the dissociation enthalpies for β-1 and β-5, [27, 28] as well as the thermal conversion of linkages during carbon-fiber production from lignin [29, 30] . These computational works mainly address conformational molecular arrangements and bond-dissociation enthalpies, and only a few have tried to describe the polymerization process at a fundamental level. One of the first attempts considered the formation of one of the minor linkages, the α-O-4, [31] and calculated the electronic structure and the Fukui [32] function as a descriptor of the tendency to undergo radical reactions. Within a similar framework, the spin-density distribution of the unpaired electron in the monolignol free radicals have been described with natural bond orbital (NBO) analysis, [33] reporting a higher value of the spin density for the oxygen corresponding to the dehydrogenated alcohol, in agreement with the prevalence of β-O-4 linkage in lignin. Other works on the formation of β-O-4 provide reaction enthalpies [34] and transition structures for the coupling reactions [35] .
From all of the above, no complete study is available yet on the formation mechanism, as non-covalent interactions have been ruled out in previous studies. These weak interactions govern the initial molecular geometry of reactants and promote the emerging bonds. This has remarkable consequences, since they certainly play a crucial role in the formation of lignin. The present work applies different methodologies, some of which have already been considered separately, and highlights the role of weak intermolecular interactions in the stabilization of the TSs during the coupling reaction. Such non-covalent interactions have been mentioned in a previous work, [36] but never been emphasized as key factor during the formation of β-O-4 linkages. The present study provides a clearer fundamental understanding of the bond evolution through the reaction path, and supports the prevalence of β-O-4 linkages compared to the other linkages. For consistency with established understanding of lignin polymerization, we have considered two possible reaction mechanisms as described in the literature [34, 35] . One of these is a radical coupling between coumaryl alcohol, in a non-radical form, and the radical species of coniferyl and coumaryl alcohols. The other is the coupling reaction of two alcohol radicals (see Fig. 2 ).
Computational details
Density functional theory (DFT) calculations were performed using the Gaussian 09 computational package [37] . HSEH1PBE [38] hybrid functional has been employed together with 6-311++G(d,p) basis set to compute optimized geometries, energies, and reaction profiles of the linkage formation. This functional has been proved one of the most accurate methods to describe non-covalently interacting systems [39] . For the sake of comparison and to evaluate performance of other well-established functionals, we have performed a comparative study with B3LYP, [40, 41] M062X [42] and dispersion-corrected range-separated double hybrid functional (ωB97XD) [43] (see Supporting Information). There exist small differences between the different computational methods regarding the spin densities on the three monolignol radicals and their link to the reactivity of a particular site. Overall, it turns out that both O and C 1 are equally reactive sites within the radical systems.
Zero-point energy corrections (ZPE) were applied in all cases to provide accurate energy values. Stationary points and TSs were characterized by calculating the eigenvalues of the second-derivative matrix, i.e., Hessian. None of the energy minima showed any imaginary frequencies, while TSs presented a single-point imaginary frequency. TSs optimal geometry and its associated energy were determined from a relaxed scan along the reaction coordinate.
The electron-spin density was evaluated with natural bond orbital (NBO) analysis [44] and the isosurfaces of the spin densities were plotted with the AIMAll software [45] .
Spin contamination in an unrestricted wave function has been evaluated by the deviation of the of <S2> with respect to the expected value, e.g., 0.75 for a doublet, s(s+1), where s equals 1/2 times the number of unpaired electrons. These deviations can be considered negligible in organic molecules [46] if the value of <S2> differs from s(s+1) by less than 10 %. For the radical species involved in the study, and using the HSEH1PBE functional, the deviation is around 5 % (see Supporting Information).
Non-covalent interactions were analyzed using the noncovalent interaction (NCI) index [47] and plotted with AIMAll software. NCI index enables the identification of stabilizing non-covalent interactions, by representing the reduced gradient of the electron density mapped with the second value of the Hessian.
The topology of the electron density was analyzed with quantum theory of atoms in molecules (QTAIM), [48] also using AIMAll [45] software.
Results and discussion

Electron-spin densities for monolignol radicals
The formation of phenoxy radicals from the main monolignols constitutes the first step of the radical-coupling reaction that leads to lignin biosynthesis. To characterize the freeradical delocalization in the radical species, we report spin densities extracted from the unrestricted wavefunction analysis with HSEH1PBE/6-311++G(d,p) for the three main alcohol radicals (see Fig. 3 ).
The results indicate a similar trend for the three different alcohols, where the relevance of the radical O atom in the formation of β-O-4 linkages is clearly pointed out. High spin-density values in this oxygen (0.274-0.312), suggest this position as the most reactive site in the radical. In addition, C 1 follows the O atoms as a possible reactive site in the radical species. This is in disagreement with the relative low abundance reported for C 1 -linkages in lignin [49] , which suggests that C 1 -linkages may occur under certain specific circumstances once the α and β positions are already saturated [50] . Other positions such as C β , C 3 , and C 5 are shown to be equally reactive according to spin density values, but less reactive than O and C 1 atoms. It is important to note that even though the C 3 and C 5 positions are suitable to allocate a free-radical electron, the presence of MeO groups is a steric impediment for the radical-coupling reaction in coniferyl and sinapyl alcohols. Therefore, C β and dehydrogenated O atoms are the most favorable sites for radical coupling.
Mechanism 1: coupling reaction between a monolignol and a radical monolignol
Geometries, spin-densities, and reaction profiles
The first mechanism (β-O-4 coupling reaction) under consideration involves radical and non-radical monolignol molecules. Figure 4 depicts the energy profile for this first mechanism, where the coumaryl alcohol undergoes radical coupling with the coniferyl alcohol radical. According to DFT calculations, this mechanism implies two possible geometries for the TS (see Supporting Information). The presence of an H-bond between the H atom of the aliphatic alcohol of the coumaryl molecule and the O atom of the phenoxy radical in one of the possible TSs decreases the activation energy around 4 Kcal mol −1 . This has been calculated only to evaluate the influence of H bonding in the stabilization, emphasizing the relevance of this weak interaction in the reaction mechanism.
Also, our results indicate that the MeO group in the radical monolignol yields a destabilization of the TS and increases the activation energy (see Supporting Information). This destabilization is originated by a so-called pull effect of the MeO group in the relative stability of the phenoxy radical, which contributes to the delocalization of the unpaired electron. Indeed, the spin densities in Fig. 3 support this idea, since the values for the O atom have been decreased by the presence of MeO groups. The trend is the same for Gibbs free energies, being the Gibbs free activation energy ( G ‡ ) equal to 18.0 Kcal mol −1 and the Gibbs free reaction energy ( G r ) to 5.0 Kcal mol −1 . The entropic effect is remarkable, but it does not make a difference in the reaction mechanism already described.
The geometrical arrangements depicted in Fig. 4 also remark the proximity of the O atom of the radical monolignol to the C β of the coumaryl alcohol in the reactants. The geometries reveal a parallel orientation of the aromatic rings, suggesting π-π interactions in addition the already described H-bonding. From the methodological point of view, this result emphasizes the importance of including dispersion-corrections in the functional when aromatic rings are present, e.g., B3LYP only describes the H-bonding (see Supporting Information). The geometrical arrangement originated by the presence of these π-π interactions also favors the proximity between the spin densities of O and C β atoms in the TS that lead the formation of a β-O-4 linkage. In the case of the O atom of the phenoxy radical monolignol the spin density has indeed higher value (0.264). However, it is reduced for the TS (0.232), for which C α position in the coumaryl alcohol increases (0.343). This increment in the spin density at C α position is even larger in the product, with a value of 0.583, which points out the C α position as the most reactive and suitable atom for a subsequent oxidative coupling. 
Topology of the electron density and non-covalent interactions
Further analysis is provided by analyzing the topology of the electron density for reactants, TSs, and products with QTAIM. The electron density at the bond critical point (BCP) describes the strength of the bond, as it measures the electron population in the area between two atoms, quantifying the degree of bond multiplicity. Additionally, the electron-energy density (E d ) at this point characterizes the stability of the bond. Negative values for the E d represent more stabilized interactions, while values close to zero are characteristic of weak interactions and low-density critical points. Figure 5 For the reactants, several BCPs associated to weak interactions have been found. In fact, two BCPs corresponding to H-bonds are present in the structure. These bonds are characterized by low electron density, e.g., 0.022 (e − a . Despite the low values of these BCPs, the stabilization provided by them plays a key role in the behavior and chemical structure of the reactants, as it has been also proved previously in other C-C interactions [51] .
Regarding the TS, the bonding scheme changes but remains more similar to the reactants than to the products. Most of the BCPs corresponding to weak interactions between the two molecular planes have vanished for the TS. These results imply that the electronic structure of the TS is more similar to the electronic structure in the reactants than in the products. These results suggest that the step from the TS to the products implies more significant changes at the atomic level than the formation of the TS, and therefore going from TS to products is the limiting step. Forming the TS is easier from the ρ(r) standpoint, and once the reaction goes beyond the TS to form the products, it is more difficult to reverse, since it implies major changes in the electronic structure. This is also supported by the negative values of the Laplacian (solid lines in the contour maps), as shown for the C α -C β bond in the TS.
Further analysis of the weak interactions involved in the reaction mechanism is provided by the NCI index [47] . Figure 6 shows the representation of the NCI index computed for the reactants and TSs. Blue and pale green indicate negative values, which implies stabilizing interactions; being yellow and red ones positive values for destabilizing interactions. For the reactant complex, there is a large zone between the two molecular planes with a negative value for NCI index (green) located near the low-density BCPs, which implies π-π interactions along the aromatic rings. In addition, the H-bonds of both OH groups present the expected most negative value for the NCI index, being the most stabilizing weak interactions in this molecular system. The structure of the TS yielded a similar NCI index distribution. The only difference is shown between the two aromatic rings, where the isosurface has been slightly distorted due to the separation of the radical alcohol. Both reactants and TS show negative values for NCI index between the molecular planes, which agrees with low-density BCPs connecting the aromatic regions. This analysis corroborates that the weak interactions ruling the geometry of reactants are maintained for the TS and lead the coupling process along the reaction path.
Mechanism 2: coupling reaction between radical coumaryl and radical coniferyl monolignols
The reaction profile has been also described for the radical coupling between the radical coumaryl monolignol and the radical coniferyl alcohol. The fully optimized geometries for the reactants are quite similar to the previous mechanism, where the two aromatic systems are facing each other with a center-to-center distance of 3.98Å (see Fig. 7 ). Concerning Gibbs free energies, the activation energy ( G ‡ ) and the Gibbs free reaction energy ( G r ) confirm the trend, with values of 18.1 Kcal mol −1 and 11.7 Kcal mol −1 , respectively. The entropic effect is remarkable, but it does not make a difference in the reaction mechanism already described. Additionally, the H-bond formed with the alcohol of the aliphatic chain helps to locate the O atom on top of the C β . Here again, such H-bond occurs with the dehydrogenated O atom of the coniferyl alcohol, and not with the O atom corresponding to the MeO group. As opposed to mechanism 1, unexpectedly, the TS found corresponds to the formation of a C-C bond between the two aromatic rings, C 5 -C 1 linkage (see Fig. 7 ), and no TS was found for the β-O-4 linkage. In this TS, the H-bond contributes to a propitious stabilizing interaction. Regarding the new C-C bond formed via this mechanism, the presented bond distance is 1.98Å.
The different trend during the formation of the linkage in which the monolingol has already been dehydrogenated and it is in radical form can be understood attending to the spin-density population shown for C 1 (see Fig. 3 ), where the spin density in this C atom reaches high values. Taking into account the geometrical arrangement for the reactants, the same orientation depicted above is presented, the co-facial disposition of the aromatic rings, and the H-bond formed between the O atom of the coniferyl radical monolignol and the OH group, allows the O atom to be close to C β . On the other hand, at the same time, C 1 and C 5 atoms are also faced. As can be seen (see Fig. 8 ), this geometrical disposition between both radicals allows the proximity between the spin densities for the C 1 of the coumaryl radical monolignol and the C 3 and C 5 corresponding to coniferyl radical monolignol. Furthermore, the value for C 1 in the coumaryl radical is even higher than for the oxygen spin density, This proximity and the corresponding values for the spin density allows the C-C bond formation. The reaction for a radical coupling between two radical monolignols shows the same results for ωB97XD functional, resulting in a TS corresponding to a C 1 -C 5 linkage formation (see Fig. 22 in Supporting Information).
To gain insight into the role played by the electron density in this reaction, QTAIM analyses have been performed for reactants and TS. Figure 9 shows the bonding scheme and the Laplacian contour map plotted on a plane containing C 5 , C 1 and C β atoms. Again, as in the previous mechanism, in the reactants arrangement, four BCPs are showed connecting both molecular planes and two BCPs for the Hbonds. Regarding the TS, a BCP is shown for the incipient bond between the carbon atoms belonging to the aromatic rings. In addition, the charge-concentration zones corresponding to both carbon atoms show lobed shapes along the bond direction. On the other hand, no BCP is shown between the O atom and the C β . Figure 9 Fig. 10 , NCI isosurfaces are presented for the reactants and TS. For the reactants, in this case, the area of negative values (pale green) between two radical alcohols has been increased with regards to the previous mechanism studied above, being these areas the surrounding space of Fig. 10 Gradient isosurfaces (s = 0.5 au) for reactants and TS in the coupling reaction between coumaryl alcohol radical and coniferyl alcohol radical the low-density BCPs connecting the aromatic moieties of both molecules. Again, the most stabilizing interaction corresponds to both H-bonds presenting high negative values. For the TS structure, the isosurface presents remarkable changes. In this TS, the stabilizing interaction area has been reduced and distorted due to the formation of C 1 -C 5 linkage. However, in the TS still remains an important non-covalent interaction, considering the negative values for NCI isosurface between both molecular moieties and the H-bonds represented by pale blue areas.
Conclusions
We have provided fundamental understanding of the noncovalent interactions, and molecular conformation that lead the formation of the most abundant linkage present in lignin, the β-O-4. Using DFT, QTAIM, and NCI index calculations, we have characterized reactants, TSs and products for the two main accepted mechanisms of lignin polymerization.
According to our results, the H-bonding and π-π interactions presented between the reactants locate the C β and the O atom in a geometrical arrangement that favors the formation of the β-O-4. Such interactions constitute the main contribution to the prevalence of this linkage. For the proposed mechanisms, taking into account the above-mentioned results, mainly the β-O-4 linkage occurs, through a coupling between a radical monolignol and nondeprotonated monolignol or a unit previously assembled in the biopolymer. The reaction between two radical units could lead to C 1 -linkages and such linkages are the most infrequent in natural lignin.
For the systems studied, the geometries and conformations depend on the interaction of different groups, aromatic and polar moieties. The consideration of non-covalent interactions between the moieties present in the reactants is mandatory to accurately describe the systems studied.
